Abstract: Three new compounds, Cd(S 2 COMe) 2 (hmta) (1), Cd(S 2 COEt) 2 (hmta) 0.5 (2) and Cd(S 2 COiPr) 2 (hmta) (3), have been isolated from a systematic study of adduct formation between Cd(S 2 COR) 2 , R = Me, Et and iPr, precursors and potentially polydentate hmta; hmta is urotropine (hexamethylenetetramine). The compounds have been characterised by a variety of spectroscopic techniques including a photoluminescence study in both solution and the solid-state, as well as by thermal methods. Crystallography shows 1 to have μ 2 -bridging hmta leading to a one-dimensional coordination polymer. This framework is essentially repeated in 2 but with a μ 3 -bridging hmta so that Cd(S 2 COEt) 2 entities decorate the chain. By contrast, a binuclear zero-dimensional aggregate with terminally bound hmta is found in 3. The influence of steric bulk of the alkyl substituents in Cd(S 2 COR) 2 is pivotal in determining the ultimate structural outcome.
Introduction
Dithiocarbonates (xanthates), dithiocarbamates and dithiophosphates are important members of the 1,1-dithiolate class of compounds, Figure 1a -c [1] [2] [3] [4] [5] [6] [7] . Being easy to prepare and having a great propensity for complexing heavy elements ranging from the transition metals, lanthanides, and relevant to the present study, main group elements, it is not surprising that there is an enormous wealth of structural data for metal 1,1-dithiolates [1] [2] [3] [4] [5] [6] [7] . Amongst these, the structural chemistry exhibited by the binary cadmium xanthates, Cd(S 2 COR) 2 is remarkable for its diversity and complexity [1] .
As seen from Figure 2 , three very distinct structural motifs are observed for these compounds, ranging from zero-dimensional in the case of the mononuclear compound found for R = CH 2 CH 2 OMe [8] , one-dimensional in the form of a supramolecular chain when R = Me [9] , and two-dimensional, as extended sheets, when R = Et, iPr and n-Bu [10] [11] [12] [13] [14] [15] .
Contrasting the behaviour of the cadmium xanthates is the structural chemistry of the binary cadmium dithiocarbamates, Cd(S 2 CNR 2 ) 2 , which normally features a binuclear, zero-dimensional aggregate as a result of two chelating ligands and two ligands which simultaneously chelate one cadmium centre while bridging another, i.e. μ 2 κ 2 -tridentate [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . This dramatic difference in structural outcomes is rationalised in terms of the significant contribution of the canonical structure shown in Figure 1e , up to 40 %, which makes dithiocarbamate ligands effective chelating agents certainly compared with the xanthate ligand where the equivalent canonical structure, Figure 1d , contributes no more than 20 % to the overall electronic structure of the anion [1] . The above notwithstanding, the relatively "staid" coordination chemistry for Cd(S 2 CNR 2 ) 2 has been challenged recently by the characterisation of supramolecular isomers [35, 36] [38] for which all dithiocarbamate ligands are μ 2 κ 2 -tridentate. Further, a zero-dimensional trinuclear aggregate has been isolated recently, {Cd[S 2 CN(methylbenzyl) (methylfurfuryl)] 2 } 3 , where the ratio of μ 2 κ 2 -tridentate to chelating ligands is 2:1 leading to a central octahedrally coordinated cadmium flanked by two square pyramidal cadmium atoms [39] . The structural chemistry of the binary cadmium dithiophosphates resembles that of Cd(S 2 CNR 2 ) 2 in that both zero-(binuclear) [40] [41] [42] and onedimensional [43] [44] [45] aggregation patterns are observed.
While the mainstay of the construction of coordination polymers of metal carboxylates has been to incorporate neutral and multidentate pyridine-donor ligands of which 4,4′-bipyridine (4,4′-bipy) is a prominent exemplar, The three different structural motifs adopted by binary cadmium xanthates (a) zero-dimensional, mononuclear found for R = CH 2 CH 2 OMe, (b) one-dimensional supramolecular chain found for R = Me, and (c) two-dimensional supramolecular layer found for R = Et, i-Pr and n-Bu. All hydrogen atoms and all but the alphacarbon atoms bound to oxygen have been omitted. the analogous chemistry of 1,1-dithiolates is far less developed. In fact, there is only one example of structurally characterised cadmium xanthate with bridging bipyridine-type ligands, namely [Cd(S 2 COiPr) 2 (4,4′-bipy)] n , which is a linear polymer [46] , even though structures with chelating bipyridine donors are well known [47] [48] [49] . A linear coordination polymer is also noted in the structure of {Cd[S 2 CN(CH 2 Ph) 2 ] 2 (4,4′-bipy)} n [50] . This structure is complemented by highly flattened zig-zag polymers in each of {Cd(S 2 CNEt 2 ) 2 [1,2-bis(4-pyridyl)ethane]} n [51] and {Cd(S 2 CNEt 2 ) 2 [1,2-bis(4-pyridyl)ethylene]} n [52] . By contrast to the aforementioned, the chemistry of cadmium dithiophosphates with bridging bipyridine-type ligands is far more developed [53] [54] [55] [56] [57] [58] , with 17 different structures found in the Cambridge Structural Database [59] . A systematic study focussed on the influence of the steric profile of the remote organic substituents upon coordination polymer formation and, when polymers were formed, their topology [53] [54] [55] . The controlling influence of steric bulk in influencing supramolecular aggregation patterns, in particular in militating secondary interactions [60, 61] , in main group 1,1-dithiolate chemistry is now well established [62] [63] [64] [65] [66] . It is noted that in none of the cadmium structures with bridging bipyridine-type ligands were the 1,1-dithiolate ligands bridging so that only onedimensional architectures were formed. In an attempt to increase the dimensionality of the ensuing coordination polymer, attention was directed to the potentially polydentate ligand urotropine (hexamethylenetetramine, hereafter hmta), Figure 1f .
The utility of hmta in the construction of coordination polymers has been reviewed recently which summarised a variety of "inverse coordination modes", i.e. where hmta is regarded as the coordination centre [67] . Bridging, i.e. μ 2 -, μ 3 -and even μ 4 -hmta, predominates with terminal coordination of hmta observed in less than 5 % of the discussed coordination polymers (excluding those containing silver) [67] . With this background in mind, an exploration of adduct formation between each of Cd(S 2 COR) 2 , R = Me, Et and iPr, and hmta is described in which the ratio of Cd(S 2 COR) 2 to hmta was varied from 1:1, 2:1 and 1:2, was undertaken. Remarkably, from the nine possible products only three compounds could be prepared, namely Cd(S 2 COMe) 2 (hmta) (1), Cd(S 2 COEt) 2 (hmta) 0.5 (2) and Cd(S 2 COiPr) 2 (hmta) (3), i.e. each with a different composition. Even more remarkably, the crystallographically determined structures of 1-3 are very different owing to the different coordination modes of hmta, i.e. monodentate, μ 2 -bidentate and μ 3 -tridentate so that different architectures are generated. The results of this investigation are reported herein.
Experimental Instrumentation
All chemicals and solvents were used as purchased without purification and reactions were carried out under ambient conditions. Elemental analyses were performed on a Perkin Elmer PE 2400 CHN Elemental Analyser. ; abbreviations: vs, very strong; s, strong; m, medium; w, weak. The optical absorption spectra were measured on 10 and 100 μM ethanol:acetonitrile (1:1) solutions in the range 190-1100 nm on a single-beam Agilent Cary 60 UV-Vis spectrophotometer. Photoluminescence (PL) measurements were carried out at room temperature on 1 mM in acetonitrile:ethanol (1:1) solutions using an Agilent Varian Cary Eclipse Fluorescence Spectrophotometer with a Xenon flash lamp as the excitation source. Solid-state PL measurements were carried out using the same instrument. Solid samples were loaded on a SH1 plain sample holder of an Optistat DN2 (Oxford Instrument Nanoscience) attachment; liquid nitrogen was loaded into the cryostat system for low temperature (77 K) measurements. Thermogravimetric analyses were performed on a Perkin Elmer TGA 4000 Thermogravimetric Analyser in the range of 35-900 °C at the rate of 10 °C/min.
Synthesis and characterisation
Preparation of xanthate salts: The potassium salts of the three xanthate ligands, K[S 2 COR] for R = Me, Et and iPr, were prepared by dissolving KOH (ca 0.05 mol) in an excess of the respective alcohol followed by the slow addition of an equivalent amount of CS 2 . The precipitate which immediately formed was filtered off, dried in vacuo at room temperature and used as prepared.
Synthesis of binary cadmium xanthates: The same method was employed for the preparation of each of Cd(S 2 COR) 2 for R = Me, Et and iPr. An aqueous solution (25 ml) of CdCl 2 (99.0 % purity; Acros Organic; 2.75 g) was added to 2 molar equivalents of the respective xanthate taken up in ethanol (R = Me: 25 ml) or water (R = Et, iPr: 25 ml). The resulting mixture was stirred for 1 h and the precipitate that formed was suction filtered and air-dried. The products were characterised spectroscopically and used for subsequent reaction with hmta (Acros Organic).
Cd(S 2 COMe) 2 : Yield 4.26 g (87 %) as pale-yellow needles. 2 (hmta) n adducts, R = Me (1), Et (2) and iPr (3) The methods employed for the preparation of the hmta adducts were similar and hence, only details for the experiments involving the R = Me precursor will be given. In separate experiments, to a suspension of Cd(S 2 COMe) 2 (0.65 g) in ethanol (25 ml) was added 0.5, 1.0 and 2.0 molar equivalents of hmta in ethanol (25 ml). The resulting mixtures were stirred for 1 h at 50 °C on a hot-plate. After cooling to room temperature, the solution was filtered and the filtrate left for slow evaporation, yielding crystals typically after 3 days. The crystals obtained from each reaction were screened by PXRD. From the nine experiments, three new compounds were isolated.
Synthesis of Cd(S 2 COR)
Cd(S 2 COMe) 2 (hmta) (1 
Cd(S 2 COEt) 2 (hmta) 0.5 (2) 
Crystal structure determination
A Rigaku AFC12κ/SATURN724 diffractometer fitted with Mo Kα radiation (λ = 0.71073 Å) was employed to measure intensity data for 1 at 98 K. Data processing and absorption corrections were accomplished with CrystalClear [68] and ABSCOR [69] , respectively. Intensity data for 2 and 3 were measured at 100 K on an Agilent Technologies SuperNova Dual CCD with an Atlas detector also fitted with Mo Kα radiation. Data processing and absorption correction were accomplished with CrysAlis PRO [70] . With the use of SHELXS-97 [71] and SHELXL-2014/7 [72] programs integrated into WinGX [73] , the structures were solved by direct methods and refined on F 2 by fullmatrix least-squares with anisotropic displacement parameters for all non-hydrogen atoms. The C-bound H atoms were placed on stereochemical grounds and refined in the riding model approximation with U iso = 1.2-1.5U eq (carrier atom). A weighting scheme of the form
+ bP] where P = (F o 2 + 2F c 2 )/3 was introduced in each case. For 3, owing to poor agreement, perhaps due to the effect of the beam-stop, two low angle reflections, i.e. (1 0 0) and (0 1 0), were omitted from the final refinement. Generally, relatively high motion was observed for the terminal methyl groups and in particular for C4. However, multiple sites could not be resolved in this low temperature (100 K) study. This was despite the observation that the maximum residual electron density peaks were located in this region of the structures, i.e. the maximum and minimum residual electron density peaks of 1.20 and 1.00 Å -3 , respectively, were located 0.48 and 0.44 Å from the H4a and C4 atoms, respectively. Unit cell data, X-ray data collection parameters, and details of the structure refinement are given in Table 1 . The programs ORTEP-3 for Windows [73] , PLATON [74] and DIAMOND [75] were also used in the analysis.
Powder X-ray diffraction
Powder X-ray diffraction (PXRD) data were recorded with a PANalytical Empyrean XRD system with Cu Kα1 radiation (λ = 1.54056 Å) in the 2θ range of 5 to 50° with a step size of 0.026°. The comparison between experimental and calculated (from CIFs) PXRD patterns was performed with X'Pert HighScore Plus [76] .
Results and discussion

Syntheses and spectroscopy
The reactions between Cd(S 2 COR) 2 , R = Me, Et and iPr, and hmta yielded three new compounds regardless of the ratio between the reagents, i.e. 1:1, 2:1 and 1:2. The structures of Cd(S 2 COMe) 2 (hmta) (1), Cd(S 2 COEt) 2 (hmta) 0.5 (2) and Cd(S 2 COiPr) 2 (hmta) (3) were established by single crystal X-ray crystallography as discussed below. Powder X-ray patterns (PXRD) were measured on the powdered samples of the crystals isolated from all reactions. These were compared with the simulated patterns calculated based on the single crystal data (using the respective CIFs) obtained for 1-3 [76] . The agreement between the experimental and calculated patterns for 1-3 indicates the single crystal results are representative of the isolated materials, see Supplementary Material Fig. S1 .
The multiplicity and integration observed in the 1 H NMR spectra were consistent with the expected formulae. The resonances due to the CH 2 protons of hmta were observed as singlets at δ 4.60 (1) Material Fig. S2 ) showed characteristic absorptions, i.e. ν as (C-H), ν s (C-H) and ν(C-N), due to hmta. In the same way, characteristic xanthate absorptions, i.e. ν(C-O) and ν(C-S), were observed, with systematic blue-shifts noted for the latter.
Crystal and molecular structures
The crystal structures of [Cd(S 2 COMe) 2 (hmta)] n (1), [Cd(S 2 COEt) 2 (hmta) 0.5 ] n (2) and Cd(S 2 COiPr) 2 (hmta) (3) were established by X-ray crystallography; selected geometric parameters are given in the respective figure captions. The crystallographic asymmetric unit in the crystal structure of 1 comprises half of Cd(S 2 COMe) 2 , with the Cd atom located on a crystallographic centre of inversion, and half of a molecule of hmta, as this is located about a 2-fold axis, Figure 3A , so that there is a 1:1 ratio between Cd(S 2 COMe) 2 and hmta. The methylxanthate ligand chelates the cadmium and forms almost symmetric Cd-S bond lengths. From symmetry, the cadmium atoms is sixcoordinate within a N 2 S 4 donor set with the nitrogen atoms being mutually trans. Distortions from the ideal octahedral geometry are related to the acute bite angle of the xanthate ligand, S1-Cd-S2 is 68.572(13)°. The N4 ligand is μ 2 -bidentate, spanning two cadmium atoms so that a one-dimensional coordination polymer is formed. This is orientated along the [101] direction and has a zigzag topology, Figure 3B . In the crystal packing, chains pack with no specific intermolecular interactions between them according to the criteria embodied in PLATON [74] ; the unit cell contents for 1 are shown in Figure 3C .
The asymmetric unit in the crystal structure of 2 comprises three distinct cadmium atoms, two of which lie on a centre of inversion with the other in a general position, six distinct ethylxanthate ligands and an entire molecule of hmta, Figure 4A , so that there is a 2:1 ratio between Cd(S 2 COEt) 2 and hmta. Each cadmium atom is chelated by two ethylxanthate ligands with the Cd-S bond lengths lying in a relatively narrow range, i.e. 2.6056(5) to 2.6683(4) Å. The Cd1 atom is also coordinated by a nitrogen atom from hmta, and from symmetry, each of the Cd2 and Cd3 atoms are coordinated by two nitrogen atoms. The Cd1 atom is penta-coordinated, the NS 4 donor set defining a distorted square pyramidal geometry with the value of τ = 0.12, cf. τ = 0.00 and 1.00 for ideal square ligand is μ 3 -tridentate, Figure 4B . The terminally bound Cd(S 2 COEt) 2 residues are crucial in assembling chains into a supramolecular layer in the ac-plane by C-H···S interactions, which each forming two donor and two acceptor C-H···S interactions, see Figure 4C and the figure caption for the geometric details characterising the interactions. The layers stack along the b-axis, being separated by hydrophobic interactions, see Figure 4D .
The crystal structure of 3 comprises binuclear molecules disposed about a centre of inversion, Figure 5A . One of the independent isopropylxanthate ligands is chelating, as for 1 and 2, but the other chelates one cadmium atom while simultaneously bridging another in a μ 2 κ 2 -tridentate mode. The resulting NS 5 donor set defines an approximate octahedral geometry with distortions again being traced to the restricted bite angle of the xanthate ligands. In the crystal packing, molecules self-assemble into a supramolecular layer in the ab-plane being connected by C-H···N and C-H···S interactions, see Figure 5B . The layers stack along the c-axis, with no specific intermolecular interactions between them, see Figure 5C .
The structures of one-dimensional, zigzag coordination polymers 1 and 2 complement the sole previous example of a linear coordination polymer constructed from Cd(S 2 COiPr) 2 and a bridging 4,4′-bipyridine ligand, [Cd(S 2 COiPr) 2 (4,4′-bipy)] n [46] . The zero-dimensional aggregate seen in 3 has only one precedent in the literature, namely in the structure of [{Cd(S 2 COEt) 2 } 2 L 2 ], where L is the S-bound thiourea derivative, bis(4-methoxyphenyl)thiourea [78] but resembles the almost universally adopted structural motif adopted by binary cadmium dithiocarbamates [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] there are no literature precedents of cadmium xanthates or dithiocarbamates with hmta but there are three examples of zero-dimensional aggregates for cadmium dithiophosphates and dithiophosphinates ( − S 2 PR 2 ) with hmta. Thus, a mononuclear bis adduct with hmta coordinating in a monodentate fashion was reported in the structure of Cd[S 2 P(OEt) 2 ] 2 (hmta) 2 [79] . There are two binuclear hemi adducts with hmta, namely {Cd[S 2 P(O-sBu) 2 ] 2 } 2 (hmta) [80] and {Cd[S 2 P(O-iBu) 2 ] 2 } 2 (hmta) [81] , each having hmta in the μ 2 -bidentate bridging mode.
Rationale for the adoption of different structural motifs in 1-3
Having discussed the structures of 1-3, the challenge remains to rationalise their formation. First and foremost, DFT calculations show that the electronic profiles of alkylxanthate ligands are independent of R present in 1-3 [82] . The difference between coordination polymers 1 and 2 on the one hand, and that of 3 is readily explained in terms of relative size of the iPr substituent. Simply, and consistent with literature precedents [62] [63] [64] [65] [66] , the bulk of the iPr residue precludes the supramolecular association adopted by the structures with the smaller R groups. The rationalisation of the different compositions of 1 and 2 is more subtle. Figure 6 shows end-and side-on views of the coordination polymers. To a first approximation, the coordination polymers are very similar and the Cd···Cd separations vindicate this conclusion, being 6.66 and 6.68 Å for 1 and 2, respectively. Also, to a first approximation, successive CdS 4 residues are rotated by approximately 90° in 1 by contrast to approximately 30° in 2. The end-on view of 1, Figure 6a , is instructive in that is reveals a very compact arrangement with the methyl groups shielding previously mentioned review of the inverse coordination propensities of hmta in non-silver containing coordination polymers [67] , μ 2 -, μ 4 -and μ 4 -bridging modes have been observed but terminally bound examples are comparatively rare in this context. In 1,1-dithiolate chemistry, relative orientation of the -hmta-Cd-hmta-Cd-backbones in both structures. The clear difference relates to the relative orientations of the xanthate ligands. While successive xanthate ligands must be twisted in order to avoid steric clashes between the R substituents, the successive xanthates are not in opposite orientations in 2 and this opens voids in the polymer to allow the additional coordination of the pendent Cd(S 2 COEt) 2 entities. The crystal packing efficiencies were calculated with PLATON [17 g]. These are 72.4, 70.9 and 69.2 %, respectively, again highlighting the relatively compact structure and efficient packing in 1.
Thermogravimetric analysis
Traces for the thermogravimetric analysis for 1-3 are given in Supplementary Material Fig. S3 . The decomposition mechanisms of 1-3 were relatively straightforward and led to CdS. Decomposition of 1 to CdS was in one step between 109 and 346 °C, with weight loss of 69.7 % cf. calcd. 69.1 %. Two discernible steps were noted for 2. The first step between 120 and 650 °C correlated with the loss of three xanthate anions and hmta with a weight loss of 57.4 % cf. calcd. 59.3 %. The second step between 650 and 866 °C left a 32.9 % residue cf. calcd. 34.0 % corresponding to CdS. The decomposition mechanism of 3 was basically the same as for 2 with three xanthates and two hmta molecules being lost initially between 132 and 421 °C (weight loss 64.8 % cf. calcd. 65.6 %). The following step between 421 and 686 °C left a 28.0 % residue cf. calcd. 27.6 % corresponding to CdS. Cadmium xanthates and their nitrogen adducts are well known to be useful as synthetic precursors for CdS nanoparticles [37, [83] [84] [85] , and the results herein suggest that hmta adducts are able to produce CdS relatively cleanly.
UV-visible and photoluminescence studies
In order to probe further whether N4 remained coordinated in solution, the UV-visible characteristics of 1-3 were compared with those of the parent Cd(S 2 COR) 2 compounds, see Table 2 for data. The spectra were obtained in ethanol:acetonitrile (1:1) solutions, each at concentrations of 10 and 100 μM, and were very similar to each other. An intense, high-energy band was observed at 296 nm for each of 1-3. This transition is assigned as an intra-ligand π → π * charge transfer [86] . Low intensity bands were observed around 360 nm which are assigned to ligand metal charge transfer (LMCT) bands [86] . The similarity of the non-coordinating nitrogen atoms of hmta from further interaction. By contrast, a more open arrangement is noted in the end-on view of 2, see Figure 6c . Presumably, the larger ethyl groups in 2 preclude the adoption of the tight-knit structure in 1. The common feature immediately apparent from the side-on views in Figure 6b and d is the the spectra is consistent with lack of significant influence of the alkyl group on electronic transitions [82, 86, 87] . The spectra of the Cd(S 2 COR) 2 compounds exhibit very similar absorptions but with distinctive values of ε in the case of the R = Me and Et compounds but, with near equivalence when R = iPr. More distinctive responses were evidenced from a photoluminescence study.
Photoluminescence measurements were carried out at room temperature on 1 mM solutions in acetonitrile: ethanol (1:1) with excitation wavelengths of 295 and 360 nm, Table 2 . With λ ex = 295 nm, only the R = Me compounds showed emissions at around 710 nm. With λ ex = 360 nm, 1 and 2 showed strong emissions at 554 nm; 3 was non-emissive. By contrast, the Cd(S 2 COR) 2 compounds showed emissions at wavelengths greater than 610 nm. This distinctive behaviour suggests that the N4 ligands remain coordinated in 1-3, at least in acetonitrile:ethanol (1:1) solutions.
Photoluminescence measurements were also carried out in the solid-state at the same excitation wavelengths, Table 2 . Consistent with expectation, blue-shifts and increasing intensities of the bands were observed as the temperatures at which the experiments were measured were decreased. Representative spectra recorded at 77 K for 1-3 are given in Supplementary Material Fig. S4 and show that while distinctive bands for 2 and, especially, zero-dimensional 3 were observed, those for 1 were poorly resolved. With λ ex = 295 nm, two bands were observed for each of 1-3 with the high-energy band varying from a low 489 for 2 to a high 661 for 3. A low-energy band, which was significantly more intense in 2 but had comparable intensities for 1 and 3, appeared around 700 nm. A single emission appeared when λ ex was 360 nm. The solid-state spectra for 1-3 are quite distinct from those observed for Cd(S 2 COR) 2 indicating that the presence of the hmta ligand influences the electronic transitions involving the xanthate chromophores.
Conclusions
Three new compounds have been isolated from 1:1, 1:2 and 2:1 solutions containing Cd(S 2 COR) 2 , R = Me, Et and iPr, and hmta. Compound 1 is a coordination polymer with a zig-zag topology. The basic structure of 2 is as for 1 but with pendant Cd(S 2 COEt) 2 entities, indicating the hmta ligand is μ 3 -tridentate. A binuclear molecule is observed in 3 with terminally bound hmta ligands. The zero-dimensional aggregate in 3 is correlated with the steric bulk of the iPr groups. The compact arrangement in 1 cannot accommodate the larger ethyl groups in 2 which enables additional coordination of Cd(S 2 COEt) 2 entities. This study expands the range of cadmium xanthates with potentially bridging ligands and reveals unexpected and interesting structural diversity suggesting further investigations are well warranted. ) and photoluminescence data (λ, nm; λ ex = 295 and 360 nm) for Cd(S 2 COR) 2 , R = Me, Et and iPr, and 1-3. 
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